The extracellular acidity that accompanies brain hypoxia-ischemia is known to reduce both NMDA and AMPA-kainate receptor-mediated currents and NMDA receptor-mediated neurotoxicity. Although a protective effect of acidic pH on AMPAkainate receptor-mediated excitotoxicity has been assumed, such has not been demonstrated. Paradoxically, we found that lowering extracellular pH selectively increased AMPA-kainate receptor-mediated neurotoxicity in neocortical cell cultures, despite reducing peak elevations in intracellular free Ca 2ϩ . This injury potentiation may, at least in part, be related to a slowed recovery of intracellular Ca 2ϩ homeostasis, observed after AM-PA-kainate receptor activation, but not after NMDA receptor activation or exposure to high K ϩ . The ability of acidic pH to selectively augment AMPA-kainate receptor-mediated excitotoxicity may contribute to the prominent role that these receptors play in selective neuronal death after transient global ischemia.
Excitotoxic glutamate receptor overactivation likely contributes to the neuronal death induced by brain hypoxia-ischemia (Meldrum, 1985; Rothman and Olney, 1987; Choi, 1988) . NMDA-type glutamate receptors appear to play a prominent role in mediating this neuronal death (Simon et al., 1984; Albers et al., 1992) , likely reflecting their special ability to mediate rapid C a 2ϩ influx leading to cellular C a 2ϩ overload (MacDermott et al., 1986; Choi, 1992) . However, pharmacological blockade of AM PA-kainatetype glutamate receptors also produces substantial protective effects in the ischemic brain. Neuroprotective efficacy has been demonstrated in both global ischemia (Sheardown et al., 1990 (Sheardown et al., , 1993 Balchen and Diemer, 1992; Le-Peillet et al., 1992; Pellegrini-Giampietro et al., 1992 ; for review, see Gill, 1994) and focal ischemia (Buchan et al., 1991a; Smith and Meldrum, 1992) models. The most striking observations are the ability of AMPA antagonists to reduce neuronal loss in the CA1 hippocampal subfield, cortex, striatum, and cerebellum after global ischemia, a setting where NMDA antagonists are relatively ineffective (Sheardown et al., 1990; Buchan et al., 1991b) . However, the possibility has been raised that the dramatic protection provided by delayed treatment with AM PA-kainate receptor antagonists observed in early studies may have been attributable in part to drug-induced brain hypothermia (Nurse and Corbett, 1996) .
The prominent role of AM PA-kainate receptor-mediated injury in animal models of ischemia contrasts with the low profile role of AM PA-kainate receptor-mediated injury found in several in vitro models of excitotoxicity (Choi, 1992) . In mouse cortical cell cultures, AM PA-kainate antagonists do not increase neuronal survival after either glutamate exposure (Koh and Choi, 1991) or oxygen-glucose deprivation (Goldberg and Choi, 1993) . The reason for this appears to be masking of the relatively slowly triggered AMPA-kainate receptor-mediated injury by more fulminant, rapidly triggered NMDA receptor-mediated injury (Choi, 1992) . Although exposure to AMPA or kainate will kill most cultured cortical neurons, much longer exposure (hours) is needed to induce widespread lethal injury by this route compared with the 3-5 min required to induce lethal injury by NMDA receptor overactivation. If NMDA receptors are blocked and the duration of oxygen-glucose deprivation extended to overcome associated neuroprotection, then AMPA-kainate antagonists produce substantial additional neuroprotective effects (Kaku et al., 1991) .
How to reconcile these in vitro observations with data obtained in animal models of brain ischemia? A key may be the acidosis associated with lactic acid accumulation and subsequent reduction of pH that occurs in vivo, but not in vitro. Reduction of extracellular pH to levels found in ischemia in vivo (6.4 -6.8) (Nemoto and Frinak, 1981; Siemkowicz and Hansen, 1981; Siesjo, 1988) markedly reduces NMDA receptor-mediated current (Tang et al., 1990) , as well as NMDA receptor-mediated injury in cultured neurons (Giffard et al., 1990a; Tombaugh and Salpolsky, 1990; Kaku et al., 1993) , and thus could help unmask more slowly triggered AMPA-kainate receptor-mediated injury. Extrapolating from studies of AMPA-kainate receptor-mediated currents, it has been assumed that AMPA-kainate receptor-mediated injury is attenuated by extracellular acid shift, but to a lesser degree than NMDA receptor-mediated injury (Giffard et al., 1990a; Christensen and Hida, 1990) .
The purpose of the present experiments was to test this assumption directly.
An abstract has been published previously (McDonald et al., 1996a) .
MATERIALS AND METHODS
Cortical neuronal cultures. Mixed cortical cell cultures containing both neurons and astrocytes were prepared from fetal mice (15-16 d gestation) as previously described (Rose et al., 1992) . Animals were handled in accordance with a protocol approved by our institutional animal care committee. Briefly, dissociated cortical cells were plated on a preexisting astrocyte monolayer (see below) at 2.5 hemispheres per 24-well plate (a plating density of ϳ2.5 ϫ 10 5 cells per well). Plating media consisted of Eagle's minimal essential medium (M EM) (Earle's salts, supplied glutamine-free) supplemented with 5% fetal bovine serum, 5% horse serum, 2 mM glutamine and glucose to 20 mM final concentration. Non-neuronal cell division was halted at 3-5 d in vitro (DIV) by 3 d exposure to 10 Ϫ5 M cytosine arabinoside. Cultures were maintained in humidified 5% C O 2 incubators at 37°C and were used for experiments at 13-16 DIV. Medium was exchanged twice weekly with a growth medium identical to the plating medium, except lacking fetal bovine serum. Pure neuronal cultures were prepared in a similar manner with some modification (Rose et al., 1992) .
Astroc yte cultures. Neocortical astrocyte cell cultures were prepared from postnatal mice aged 1-3 d (Rose et al., 1992) and plated at 0.25-0.5 hemispheres per 24-well plate, in plating medium supplemented with 10 ng /ml epidermal growth factor, 10% fetal bovine serum, and 10% horse serum. After 2 weeks in vitro, astrocyte cultures were fed weekly with growth medium and used over the next 2 weeks as a substrate for subsequent neuronal plating.
Neuronal toxicit y e xperiments. Mixed neuron -astrocyte cultures (13-16 DIV) were exposed to AM PA in a physiological salt solution (at 37°C) with the following composition (in mM): NaC l, 120; KC l, 5.4; MgSO 4 , 0.8; NaH 2 PO 4 , 1.0; C aC l 2 , 1.8; glucose, 5.5; PI PES, 20; and phenol red 10 mg / l. The NaHC O 3 concentration was varied as appropriate for the chosen pH in a 5% C O 2 atmosphere at 37°C (Dawson et al., 1986) . Total [Na ϩ ] was maintained at 120 mM. Saturating concentrations of AM PA (300 M) and /or cyclothiazide (100 M) were used to avoid additive injury from secondary glutamate release. (ϩ)-5-Methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohept-5,10-imine hydrogen maleate (M K-801) (10 M) was added with AM PA incubations to prevent NMDA receptor activation. E xposure was terminated by sequential washes (Ͼ1000-fold dilution) and transferred into Eagle's M EM supplemented with glucose (25 mM). All final incubations in experimental conditions contained saturating concentrations of NMDA and AM PA receptor antagonists [10 M M K-801 and 30 M 6,7-dinitroquinoxaline-2,3-dione (N BQX)] to limit delayed secondary glutamate-induced injury. Although prolonged blockade of calcium influx may be associated with delayed apoptotic neuronal death, none was observed over 24 hr; addition of cycloheximide (0.5 g /ml) or IGF-1 (100 ng /ml) did not provide additive protection when combined with M K-801 and N BQX. C ell death was assessed qualitatively by examination under phase contrast microscopy, and quantitatively by measuring lactate dehydrogenase (LDH) efflux into the extracellular medium (Koh and Choi, 1987) . Background levels of LDH present in the medium of sham-washed sister cultures (Ͻ10% total LDH) were subtracted from values measured in treatment conditions to yield the signal specifically associated with each condition. The LDH signal associated with near complete neuronal death was determined in sister cultures exposed to 300 M NMDA for 24 hr, an exposure that reliably destroyed the neuronal population without concurrent glial death. All data are presented relative to LDH measurements associated with complete neuronal death in sister cultures (100). In additional experiments, cell viability was assessed by exclusion of 0.4% trypan blue dye.
Oxygen-glucose deprivation e xperiments. Combined oxygen -glucose deprivation was initiated by exposing neuronal cultures to a deoxygenated, glucose-free solution at pH 6.4 or 7.4 [glucose-free Earle's balanced salt solution (BSS)], in an air-tight chamber flooded with 95% N 2 and 5% CO 2 (Goldberg and Choi, 1993 2Ϫ , 0.8; and phenol red, 10 mg / l. E xposure times of 50 min, pH 7.4, and 75 min, pH 6.4, were chosen to match total neuronal injury between pH exposures (70 -80% death), because acid pH reduces oxygen -glucose deprivation injury (Giffard et al., 1990a) . Deprivation was terminated by replacing the exposure medium with oxygenated BSS, pH 7.4, containing 5.5 mM glucose, and cultures were returned to normoxic incubator. C ell injury was assessed 24 hr later by LDH efflux and phase-contrast microscopy as described above.
45 Ca 2ϩ accumulation studies. Cultures were washed, then incubated in the physiological buffer described above containing (in M): 300 AM PA, 100 cyclothiazide, 10 M K-801, and 45 Ca 2ϩ (New England Nuclear; final activity, 0.5-1 mC i /ml) at pH 7.4 or 6.6, for 5, 15, or 30 min (Hartley et al., 1993 ([C a 2ϩ ] i ) was measured using f ura-2 fluorescence video microscopy (Grynkiewicz et al., 1985) . Neuronal cultures for [C a 2ϩ ] i imaging experiments were prepared as previously described, and experiments were performed between 12-17 DIV (C sernansky et al., 1994) . C ells were loaded with 5 M f ura-2 AM plus 0.1% Pluronic F-127 for 30 min at room temperature (24°C), washed, and incubated for an additional 30 min in HBSS. All experiments were performed using the same bicarbonate-buffered salt solution as used for the toxicity studies. E xperiments were performed at room temperature on the stage of a Nikon Diaphot inverted microscope equipped with a 75 W Xenon lamp and a Nikon 40ϫ, 1.3 NA epifluorescence oil immersion objective under continuous perf usion (perf usion rate, 2 ml /min). Although temperature may alter many cellular f unctions, we have observed previously that temperature does not substantially alter NMDA or kainate-stimulated peak [C a 2ϩ ] i responses or recovery (Bruno et al., 1994) . In addition to room temperature experiments, a set of additional f ura-2 measurements was performed at 37°C to coincide with toxicity studies. Fura-2 (E x ϭ 340, 380 nm, Em ϭ 510 nm) ratio images were acquired with an intensified CCD (Quantex) camera and digitized (256 ϫ 512 pixels) using an Image-1 (Universal Imaging Corporation, West Chester, PA) system. C alibrated [C a 2ϩ ] i values were obtained using the ratio method of Grynkiewicz et al. (1985) by determining F min and F max in situ using EGTA (10 mM) with 0 Ca 2ϩ buffer and ionomycin (10 M) for F min and 10 mM Ca 2ϩ with ionomycin (10 M) for F max . A K d value of 225 nM Ca 2ϩ was used for f ura-2. Time course of AM PA-induced neuronal death at pH 7.4 and 6.6. Sister cultures were incubated in HBSS containing 300 M AMPA and 10 M MK-801 for the indicated periods. LDH release to the bathing medium was measured 24 hr later (mean Ϯ SEM, n ϭ 4) and scaled to the level (100) measured in sister cultures exposed to 300 M NMDA for 24 hr (a condition that produced near complete neuronal death without astrocyte death). Background LDH release in sister cultures exposed to sham wash alone was subtracted from each condition to yield the signal specific to experimental injury. *Difference at p Ͻ 0.05, from corresponding time value at pH 7.4, by Student's two-tailed independent t test. Figure 3 . Acidic extracellular pH exacerbates rapidly triggered AMPA toxicity. A, Mixed cultures were exposed for 1.5 hr to 300 M AMPA plus 100 M cyclothiazide and 10 M M K-801 at the indicated extracellular pH (mean Ϯ SEM, n ϭ 4). At pH 6.2 (but not at higher pH), some astrocyte death also occurred, accounting for the total LDH release exceeding 100. *Difference at p Ͻ 0.05, as indicated, by one-way ANOVA with Student Newman -Keuls test. B, Time course of rapidly triggered AMPA toxicity at pH 6.6. Neuronal cultures were exposed to 300 M AM PA plus 100 M cyclothiazide and 10 M M K-801 at pH 6.6 for the indicated duration. *Difference at p Ͻ 0.05, one-way ANOVA with Student Newman-Keuls test, indicated time AM PA-cyclothiazide (C TZ) at pH 6.6 versus 90 min exposure AM PA-C TZ at pH 7.4 ( far right bar). E xposure to cyclothiazide alone at pH 6.6 for 90 min produced no neuronal death (*difference at p Ͻ 0.05, 90 min C TZ at pH 6.6 vs 90 min AM PA-CTZ at pH 7.4, Student's independent t test). LDH release to the bathing medium was measured 24 hr later (mean Ϯ SEM, n ϭ 4) and scaled to the level (100) measured in sister cultures exposed to 300 M NMDA for 24 hr.
RESULTS

Effects of extracellular pH on AMPA-and kainateinduced neuronal injury
We previously reported that multihour exposure to AMPA was required to induce widespread neuronal death in murine cortical cell cultures at pH 7.4 (Koh et al., 1990) . At pH 7.4, 3-4 hr exposure of mixed (neuronal plus astrocyte) cultures (13-16 DIV) to 300 M AM PA in the presence of 10 M M K-801 (added to block secondary NMDA receptor-mediated injury) produced extensive acute neuronal cell swelling but little late neuronal death and LDH release by the next day (Figs. 1, 2) . At pH 6.6, the same exposure induced both acute neuronal cell swelling and substantial late neuronal death by the next day (still without astrocyte death) (Figs. 1, 2) . Neuronal death was prevented by coapplication of the selective AM PA-kainate receptor antagonist NBQX (30 M). E xposure to pH 6.6 alone for 3-4 hr produced little cell death. Continued exposure of cultures to acid pH, beyond the period of AM PA or kainate exposure, did not prevent neuronal death (data not shown). To examine if the potentiation of AM PA-kainate receptor toxicity at acidic pH was related to additive effects of two sublethal injuries, similar pH exposures were performed with another C a 2ϩ -overload injury paradigm. Intermediate levels of neuronal death induced by a 3 hr exposure to the C a 2ϩ ionophore A23187 (100 -500 M) at pH 7.4 was not potentiated by coexposure to acidic pH (6.6) when examined 24 hr later (data not shown).
To determine whether the same injury potentiation could be detected with shorter exposure duration, we exploited the ability of cyclothiazide to inhibit AM PA receptor desensitization and potentiate AM PA receptor-mediated neuronal death (Yamada and Rothman, 1992; May and Robinson, 1993; Patneau et al., 1993; Z orumski et al., 1993; Moudy et al., 1994) . E xposure of mixed neuronal -astrocyte cultures for 1.5 hr to (in M): 300 AMPA, 100 cyclothiazide, and 10 M K-801 resulted in increasing neuronal death without astrocyte death (trypan blue exclusion; data not shown) as bath pH was shifted from 7.4 to 6.6 (Fig. 3A) . When bath was f urther shifted to pH 6.2, substantial astrocyte death also occurred ( Fig. 3A ; David et al., 1996) . A 1.5 hr exposure to pH 6.6 alone produced little neuronal injury (4 Ϯ 6% LDH release, n ϭ 8).
Lowering extracellular pH to 6.6 permitted relatively brief (30 min or more) duration exposure to 300 M AMPA plus 100 M cyclothiazide to become neurotoxic (Fig. 3B) . Nearly complete neuronal death was induced by a 1.5 hr exposure to AMPA and cyclothiazide at pH 6.6 (Fig. 3B) . Application of cyclothiazide alone at pH 6.6 for 1.5 hr did not produce neuronal death.
Reduction of extracellular pH to 6.6 also potentiated (twofold) neuronal death resulting from exposure to 200 M kainate (Table  1) . Neuronal death was prevented by coexposure to 30 M NBQX.
Effect of reduced extracellular pH on oxygen-glucose deprivation-induced neuronal injury
Oxygen-glucose deprivation-induced death in cortical neuronal cultures at pH 7.4 is predominantly attributable to NMDA receptor-mediated toxicity (Choi, 1992) . We examined whether the contribution of AMPA receptors to this death would increase Figure 4 . Acidic pH exacerbation of AM PA toxicity is associated with reduced 45 C a uptake. Mixed cultures were incubated with 300 M AMPA plus 100 M cyclothiazide and 10 M M K-801 at pH 7.4 or 6.6, for the indicated times. C ellular 45 C a accumulation (mean Ϯ SEM, n ϭ 7) was scaled to the levels obtained in sister cultures exposed to 500 M NMDA for 15 min (100). Basal 45 C a uptake in sham-washed sister cultures was subtracted from all measurements. *Difference at p Ͻ 0.05, from corresponding time point at pH 7.4, by one-way ANOVA and Student Newman -Keuls test. Addition of 30 M NBQX did not reduce neuronal death in cultures exposed to 50 min of oxygen-glucose deprivation at pH 7.4 but did partially reduce neuronal death in cultures exposed to oxygen-glucose deprivation at pH 6.4. Because reducing pH reduced NMDA receptor-mediated toxicity and overall neuronal death, in the latter condition the duration of oxygen-glucose deprivation was increased to 75 min to recover widespread neuronal death comparable to corresponding injury with 50 min oxygen-glucose deprivation at pH 7.4. Data are mean Ϯ SEM (n ϭ 8). Neuronal cell death was quantitated by measuring LDH released into the bathing medium 24 hr later. *Difference at p Ͻ 0.05 from 75 min oxygen-glucose deprivation at pH 6.4, by Student's two-tailed independent t test. Table 3 for corresponding calcium integral measurements. All measurements were performed at 24°C. A, AM PA response; sequential averaged changes in [C a 2ϩ ] i in 35 neurons during and after a 5 sec exposure to 10 M AM PA plus 100 M cyclothiazide and 10 M M K-801 at pH 7.4 or 6.6. E xposure to acidic pH attenuates peak AMPA responses but impairs recovery. B, Kainate-induced [C a 2ϩ ] i responses at pH 7.4 and 6.6 were similar to that observed for AMPA. Cultures were exposed to 100 M kainate, as outlined in A. Peak responses are attenuated at pH 6.6, but again, normalization was markedly impaired. C, Reducing extracellular pH attenuates the peak [C a 2ϩ ] i response to NMDA with minimal change in subsequent normalization. The trace represents average (n ϭ 27 neurons) changes in [C a 2ϩ ] i during and after 5 sec exposures to 50 M NMDA at pH 7.4 or 6.6. In the low pH exposure experiments, neurons were washed for 5 min at pH 6.6 before the application of NMDA, exposed to NMDA at pH 7.4 for 5 sec, and immediately returned at pH 6.6 for 15 min. Under these conditions the intracellular pH remains below 6.6, and the brief extracellular exposure to NMDA (Figure legend continues.) ( Figure legend continued. ) at pH 7.4 allows activation of NMDA receptors (i.e., the pH-sensitive site on NMDA receptors is extracellular). D, Reducing extracellular pH attenuates the peak [C a 2ϩ ] i response to high KC l with minimal change in subsequent normalization. The trace represents average (n ϭ 30 neurons) changes in [C a 2ϩ ] i during and after 5 sec exposures to 60 mM KC l plus 10 M M K-801 at pH 7.4 or 6.6. In the low pH exposure experiments, neurons were washed for 5 min at pH 6.6 before the application of 60 mM KC l, exposed to high KC l at pH 7.4, and immediately returned to pH 6.6 for 15 min. Under these conditions, the intracellular pH remains below 6.6, and the brief extracellular exposure to 60 mM KC l at pH 7.4 allows activation of voltage-sensitive calcium channels. All the experiments are representative of at least three different experiments in three different cultures.
as a result of reducing extracellular pH. Although neuronal death resulting from 50 min exposure to oxygen -glucose deprivation at pH 7.4 was not altered by AM PA receptor blockade with 30 M NBQX, death induced by 75 min exposure at pH 6.4 was sensitive to NBQX (Table 2) . We have previously shown that acidic extracellular pH (6.4) attenuates oxygen -glucose deprivation-induced death of cortical neurons. Because reducing pH reduced overall neuronal death, in the latter condition the duration of oxygenglucose deprivation was increased to 75 min to recover widespread neuronal death comparable to corresponding injury with 50 min oxygen -glucose deprivation at pH 7.4
45
Ca
2؉ accumulation
Because toxic C a 2ϩ influx appears to be a critical event in excitotoxic necrosis (Choi, 1987 (Choi, , 1992 , we tested whether the potentiating effect of reduced extracellular pH on the toxicity of AMPA plus cyclothiazide was accompanied by increases in Ca 2ϩ influx, as measured by a 45 Ca 2ϩ uptake assay (Hartley et al., 1993) . Paradoxically, the enhanced neuronal vulnerability to AMPA toxicity observed in mixed cultures at reduced extracellular pH was not associated with increased 45 Ca 2ϩ accumulation but rather was associated with reduced 45 Ca 2ϩ accumulation (Fig. 4) , consistent with previous electrophysiological data indicating reduced kainate-activated whole-cell current in cultured cortical neurons and cone horizontal cells at acidic pH (Christensen and Hida, 1990; Giffard et al., 1990a) .
Because reduced astrocyte 45 Ca 2ϩ accumulation in response to acid pH shift could mask an increase in neuronal 45 Ca 2ϩ accumulation, we also examined 45 Ca 2ϩ accumulation in pure neuronal cultures. A similar decrease in 45 Ca 2ϩ accumulation occurred at acid pH. Sister cultures of near-pure neurons (13 DIV) were exposed to (in M): 300 AM PA, 100 cyclothiazide, 10 M MK-801, and 45 Ca 2ϩ , pH 7.4 or 6.6. 45 Ca 2ϩ accumulation was examined 5 min later and values were normalized to 45 Ca 2ϩ accumulation induced by 500 M NMDA at pH 7.4.
45 Ca 2ϩ accumulation was reduced by 44% at pH 6.6 compared with pH 7.4 (difference at p Ͻ 0.05 by Student's two tailed independent t test; pH 7.4, 61 Ϯ 2 vs pH 6.6, 34 Ϯ 3; mean Ϯ SEM, n ϭ 24 per condition).
Intracellular free Ca 2؉ determination
To assess whether impaired [C a 2ϩ ] i buffering at reduced pH may render neurons more vulnerable to AM PA toxicity, we performed intracellular free [C a 2ϩ ] i imaging using f ura-2. Neuronal cultures exposed for 5 sec to 10 M AM PA (plus 100 M cyclothiazide and 10 M M K-801) at pH 6.6 (24°C), exhibited a marked delayed recovery of [C a 2ϩ ] i to baseline compared with sister cultures exposed to AMPA at pH 7.4, despite a predictable reduction of the peak [Ca 2ϩ ] i response (Figs. 5, 6 A; Table 3 ). Similar observations were also made when experiments were performed at 37°C (data not shown). This delayed recovery was apparent across the whole neuronal population, and it was not dependent on stimulus sequence. A delayed recovery of [Ca 2ϩ ] i was also seen in cultures exposed to kainate plus MK-801 (Fig.  6 B) . The impaired recovery was long lasting, and extended at least 1.5 hr after removal of kainate or AMPA. Delayed recovery persisted despite return of extracellular pH to 7.4 (data not shown).
To determine whether this effect was selective for AMPAkainate responses, we examined the effect of pH on NMDA-and KCl-induced [Ca 2ϩ ] i . Cells were preincubated at pH 6.6 for 10 min, and then 50 M NMDA was applied for 5 sec (at pH 7.4, because application at pH 6.6 produces little response). In control experiments, we demonstrated that this paradigm produces well maintained intracellular acidification despite the brief application of pH 7.4 buffer (data not shown). Application of NMDA induced a rapid and large increase in neuronal [Ca 2ϩ ] i , but recovery was not delayed at pH 6.6 (Fig. 6C, Table 3 ). A Ͼ10-fold increase in exposure time to NMDA (60 sec), resulting in peak responses comparable with AMPA-kainate exposure, did not delay [Ca 2ϩ ] i recovery. Despite even higher peak [Ca 2ϩ ] i responses produced by 60 mM KCl at pH 6.6, [Ca 2ϩ ] i recovery was not impaired (Fig.  6 D, Table 3 ), suggesting a specific effect of reduced extracellular pH on AMPA receptor-mediated [Ca 2ϩ ] i responses.
DISCUSSION
The major finding of the present study is the novel and unexpected observation that reduction of extracellular pH to levels of acidity associated with ischemia in vivo (Nemoto and Frinak, 1981; Siemkowicz and Hansen, 1981; Tombaugh and Sapolsky, 1993; Siesjo, 1988) paradoxically potentiated AMPA-kainate receptor-mediated cortical neuronal death. This potentiation extended to the AMPA-kainate receptor-mediated component of oxygen-glucose deprivation-induced neuronal death. Acid pH potentiation of AMPA-kainate receptor-mediated toxicity occurred despite a reduction in both net influx of 45 Figure 6 legend, Results and Materials and Methods for experimental details. Abbreviated stimulus conditions listed above were as follows: AMPA ϭ 10 M AMPA ϩ 100 M cyclothiazide, kainate ϭ 100 M kainate, NMDA ϭ 20 M NMDA, KCl ϭ 60 mM KCl. Experiments were carried out at 24°C. All experiments, except the NMDA experiment, were performed in the presence of MK-801 (10 M) to block secondary activation of NMDA receptors. Measurement of the calcium integral was over 15 min for all pH 7.4 values and NMDA and KCl values at pH 6.6 (all reached baseline measures by this time point) and was over 90 min for AMPA and kainate at pH 6.6. These values correspond to the second and third calcium responses (pH 7.4 vs pH 6.6) for each stimulus shown in Figure 6 . Statistical comparisons were performed by Student's two-tailed independent t test.
used in the f ura-2 studies were intended to probe calcium handling and were not sufficient to produce detectable injury or neuronal death. It is therefore unlikely that the delayed normalization of [C a 2ϩ ] i after AM PA receptor activation at acidic pH can be explained by lethal injury. The observation that acidic pH did not enhance intermediate levels of neuronal death induced by exposure to the calcium ionophore A23187, suggests that the potentiation of AM PA-kainate receptor toxicity at acidic pH is not a simple reflection of additive sublethal injury.
The ability of acid pH to enhance AM PA-kainate receptormediated injury is especially striking when placed in the context of reduced net C a 2ϩ influx, as measured by 45 Ca 2ϩ accumulation, and reduced somatic peak elevation in [C a 2ϩ ] i , as measured by fura-2 video microscopy. These reductions are predictable given electrophysiological data indicating that acid pH moderately reduces current through AM PA-kainate receptor-gated channels (Christensen and Hida, 1990; Giffard et al., 1990a; Tang et al., 1990 , is yet another reminder that all pools of intracellular free C a 2ϩ are not equivalent (Lafon-C azal et al., 1993; Tymianski et al., 1993) . Specifically, a difference in the behavior of the [C a 2ϩ ] i elevation induced by AM PA-kainate receptor stimulation, compared with that induced by NMDA receptor stimulation, might be linked to spatial differences in C a 2ϩ entry points. However, it is more difficult to explain the observed difference in pH sensitivity of [C a 2ϩ ] i recovery after AMPAkainate receptor stimulation versus exposure to high K ϩ , because most C a 2ϩ entry in both cases presumably occurs via the same voltage-gated C a 2ϩ channels (Fig. 5 , delayed recovery noted in the majority of cells, even those with modest [C a 2ϩ ] i responses). One possible explanation is that AM PA-kainate receptor activation might induce greater cellular Na ϩ loading compared with that induced by high K ϩ so that, as a result, the propensity of acid pH itself to induce cellular Na ϩ -loading would have special impact on the Na ϩ -Ca 2ϩ antiporter (see above). It is unlikely that a pH paradox accounts for the observed pH enhancement of AMPA-kainate receptor-mediated neuronal death. Continued exposure to acid pH, beyond the period of AM PA exposure, did not protect against the injury.
Cerebral tissue acidosis is a well established feature of ischemic brain tissue, which has long been considered an important factor in the pathogenesis of the resultant brain damage, especially glia death (Plum, 1983; Kraig et al., 1987; Siesjo, 1988; Giffard et al., 1990b; Nedergaard et al., 1991; Tombaugh and Sapolsky, 1993) . However, moderate tissue acidosis may also provide some protective effects against neuronal injury by reducing NMDA receptor-mediated excitotoxicity. Both NMDA and AMPA-kainate receptor-mediated whole-cell currents in rat hippocampal neurons are attenuated by moderate extracellular acidity in the range of 6.2-7.2, with the most dramatic effects produced on NMDA receptor-mediated currents (Tang et al., 1990) . Similar inhibition of NMDA receptor-mediated currents has been observed on cultured cortical and cerebellar neurons (Giffard et al., 1990a; Traynelis and Cull-Candy, 1990 ). Reduction of extracellular pH below 6.5 reduces both glutamate neurotoxicity and oxygen-glucose deprivation-induced neuronal death in vitro (Giffard et al., 1990a; Tombaugh and Sapolsky, 1990; Kaku et al., 1993) .
Present data thus raise the important possibility that the extracellular acidity that accompanies brain ischemia increases the prominence of AMPA-kainate receptor-mediated injury relative to NMDA receptor-mediated injury, not only by blocking the latter, but also by enhancing the former. Both the inhibition of NMDA receptor activation and exacerbation of AMPA-kainatemediated neuronal injury occur in the same clinically relevant acid pH range (6.2-7.4). We hypothesize that the toxic contribution of AMPA-kainate receptors might be most prominent during early stages of ischemia associated with acidic extracellular pH, and that subsequently, the balance might shift back toward NMDA receptor-mediated injury as reperfusion occurs and extracellular pH returns to normal, and the acid pH inhibition of NMDA receptors is relieved. The acid pH shifts that accompany reversible focal and global ischemia generally normalize within 0.5-2 hr, with intracellular pH lagging behind extracellular pH. However, normalization can be much slower in models of permanent focal ischemia (Siemkowicz and Hanson, 1981; Mabe et al., 1983; Smith et al., 1986; Von Hanweher et al., 1986; Silver and Erecinska, 1992; Tomlinson et al., 1993; Maruki et al., 1993; Dempsey et al., 1996) . Our data suggest that brief periods of acid pH exposure, compatible with the pH changes observed in ischemia models, may importantly potentiate AMPA-kainate receptor-mediated neuronal death. This idea might have implications for the timing and selection of drug treatment in settings associated with prolonged tissue ischemia and acidosis such as stroke, status epilepticus, trauma, and subarachnoid hemorrhage (Becker, 1985; Siesjo and Wieloch, 1986; Siesjo, 1988; Brooke et al., 1994) . The foregoing consideration is independent of the additional possibility that certain neuronal subpopulations expressing Ca 2ϩ -permeable AMPA or kainate receptors, e.g., Purkinje cells (Brorson et al., 1994) or NADPH-diaphorase-nitric oxide synthase-containing neurons (Koh and Choi, 1988; Weiss et al., 1994) , may exhibit heightened baseline vulnerability to AM-PA-kainate receptor-mediated injury. In addition, the possibility has been raised that sublethal ischemic insults may selectively depress the expression of the Ca 2ϩ -gatekeeper AMPA receptor subunit, gluR-B/gluR-2 (Hollman et al., 1991; Verdoorn et al., 1991) relative to other AMPA receptor subunits, perhaps enhancing AMPA-kainate receptor-mediated Ca 2ϩ influx and death (Pellegrini-Giampietro et al., 1992; Gorter et al., 1997; Ying et al., 1996) . Finally, we have recently found that oligodendrocytes maintained for Ͼ3 weeks in vitro develop prominent vulnerability to AMPA-kainate receptor-mediated excitotoxic death, comparable to that of neurons (McDonald et al., 1996b (McDonald et al., , 1998 . The ability of AMPA-kainate antagonists to reduce brain damage in animal models of brain ischemia may reflect contributions from some or all of these factors.
